The purpose of the present study was to isolate and characterize ailanthone-rich materials from the bark of the deciduous tree Ailanthus altissima (Mill.) Swingle and to assess their herbicide activity on selected herbaceous species. Ailanthone-rich fractions were obtained from A. altissima bark by extraction with dichloromethane and ethyl acetate and subsequent purification of these crude extracts, and of the remaining water mixture after solvent extraction, by means of gel permeation chromatography. A number of fractions were isolated and characterized for ailanthone content. A dichloromethane fraction was shown to contain 92% w/w of ailanthone, as demonstrated by HPLC and NMR analysis. A significant pre-emergence herbicide activity was found for most of the extracts which was directly correlated to ailanthone concentration. A remarkable combined pre-and post-emergence herbicide activity was found for a specific fraction. These results indicate that the bark of A. altissima may represent an interesting source for the production of natural herbicides for use in agriculture.
Ailanthus altissima (Mill.) Swingle (family Simaroubaceae) is a deciduous tree native to Asia [1] . Extracts from different parts of the plant have insecticidal properties [2] and are used in Asiatic and Australian medicine to treat dysentery, malaria and asthma, and in homeopathic medicine as 'nux vomica'. A. altissima is characterized by a vigorous growth and for prolific seed production allowing this species to disseminate aggressively in most environments. Such a feature can be attributed to its sexual and asexual reproductive behavior [3a,3b] , as well as to the presence, in its roots and leaves, of phytotoxic compounds [4a,4b] of the quassinoid family, which are released around the plant. Among these quassinoids, ailanthone has been reported to account for up to 0.01% of the dried bark [5] .
Organic and synthetic pesticides are essential for agricultural and forestry management systems [6] . However, these chemicals have important drawbacks, such as toxicity, in particular for human health, and environmental impact [7] . For these reasons, a big effort has been made in recent years to find more environmentally friendly and naturally-occurring bioactive compounds for potential development in weed-control programs in agriculture and environmental management [8a,8b] . A number of extraction procedures are reported for the extraction and purification of ailanthone and other quassinoids [9a-9e] . In this study, we developed extraction and purification procedures to isolate and characterize ailanthone and other quassinoids with potential herbicide activity from waste materials coming from the processing of A. altissima that is cultivated for the production of innovative medium density fiber board. Values are expressed in cm and correspond to the length of epicotyle and root. Values are expressed in cm and correspond to the length of epicotyle and root. Values are expressed in cm and correspond to the length of epicotyle and root. 
Extracts Amaranthus Chenopodium Festuca
Values are expressed in mg/L. Crude dichloromethane (DCM) and ethyl acetate (EA) extracts of A. altissima bark showed a significant preemergence herbicide activity on Lolium seed germination, as indicated by the ID 50 values (< 5 mg/L). Interestingly, fraction W also showed a remarkable herbicide activity (< 5 mg/L), despite its lower concentration of ailanthone.
As for pre-emergence herbicide activity, most of the purified extracts from A. altissima bark tested for herbicide activity were able to inhibit root growth of Amaranthus, Chenopodium and Festuca (Tables 2-4 ). ID 50 values for root growth, reported in Table 5 , showed that the herbicide effect was reached at concentrations as low as 1-2 mg/L for Festuca and 2-3 mg/L for Amaranthus and Chenopodium. Moreover, fraction W-2 showed, as expected, a lower activity on root growth of Amaranthus and Chenopodium because of its lower ailanthone content; however, seeds of Festuca were shown to be more sensitive to W-2 as the inhibition effect of this fraction was similar to that of the other extracts.
As for post-emergence herbicide activity, germination of seeds of Amaranthus and Chenopodium was not significantly affected by any of the extracts investigated as shown in Tables 2-4 . However, very interestingly, all the extracts showed a significant herbicide activity on the Herbicide activity of Ailanthus altissima Natural Product Communications Vol. 6 (5) 2011 595 growth of the epicotyle of Festuca (Table 4 ). Based on this evidence, fraction W-2, which also exhibited the highest pre-emergence herbicide activity (0.3 cm at 1 mg/L on Festuca), was tested at higher concentrations (10 to 20 mg/L) for pre and post-emergence herbicide activity on the three species.
Results reported in Table 6 show that fraction W-2 had a remarkable combined pre-and post-emergence herbicide activity on Festuca. Such an activity is certainly due to the presence of ailanthone in the extract, as shown by HPLC and NMR data. However, additional purification steps and detailed chemical characterization studies are worthy in order to elucidate both the identity of all the compounds responsible for the herbicidal activity of A. altissima bark and to evaluate its potential as a source of natural herbicides with selected pre-and post-emergence phytotoxic activity.
Experimental

Extraction of bioactive components from A. altissima:
One kg of bark, obtained from the first meter of the trunk from the soil of cultivated A. altissima, was provided by Fantoni SpA, Osoppo (UD), Italy, and used for extraction with different solvents. A crude extract of the bark was prepared by adding 5 L of 1:1 water/methanol to 500 g of fresh ground bark. The suspension was mildly mixed with a blade stirrer for 24 h at room temperature and then filtered through Whatman 113 and Whatman #1 filter papers. Once recovered, the bark was re-suspended in 2 L of fresh 1:1 water/methanol for a further 24 h and filtered, as before. The filtrates were pooled, filtered through a Whatman GF-F filter paper and concentrated to give 1 L of crude aqueous mixture. A modification of the procedure previously described [10] was used to extract sequentially the crude aqueous mixture. The following solvents with increasing polarity were used: diethyl ether (DE), dichloromethane (DCM) and ethyl acetate (EA). The crude extract was extracted, with each solvent, 4 times with 250 mL fresh solvent in a separating funnel. The 4 aliquots of the same solvent were then pooled, filtered through anhydrous sodium sulfate and dried at 50°C in a rotary evaporator. The remaining crude extract (W), after solvent extractions, was concentrated to 100 mL at 50°C and freeze dried. DCM, EA and W crude extracts were further fractionated and purified as follow. DCM fraction: DCM extract (773 mg) was solubilized in methanol (20% w/w) and fractionated, in the same solvent, by gel permeation chromatography using a Biorad Biogel P2 resin and an UV detector at a wavelength of 313 nm. Two fractions, DCM-1 and DCM-2, with different elution volumes, were recovered on the basis of HPLC ailanthone analysis, concentrated and freeze dried. EA fraction: EA extract (150 mg) was extracted with chloroform to give 101.3 mg of purified material, which was subjected to the same Biogel P2 fractionation procedure as for DCM. W fraction: W extract (5 g) was solubilized in MilliQ water and fractionated by gel permeation chromatography, as previously described, using MilliQ water as elution solvent. Based on the elution profile and the HPLC analysis for ailanthone, a number of aliquots were pooled and subjected to further elution under the same conditions as above. Two W ailanthone-rich fractions, W-1 and W-2, with different elution volumes, were finally isolated, concentrated and freeze dried.
HPLC analysis:
Extracts of A. altissima bark were analyzed by HPLC, and ailanthone content evaluated. An Agilent 1100 Series HPLC system was used, equipped with a UV-VIS detector set at a wavelength of 256 nm and a Merck 100 x 4.60 mm Chromolith RP 18e column with a 5 x 4.6 mm Guard Cartridge RP-18e column. A gradient was used for elution, using KH 2 PO4/H 3 PO4 25 mM, pH 2.5, as eluent A, and methanol as eluent B. The starting elution condition was 5% eluent B, which was increased to 10% after 15 mins and to 55% after 30 mins. The flow rate was 1 mL/min and the column temperature was set at 40°C. The run time was 60 mins and the injection volume 10 µL. A linear calibration was performed by injecting pure standard solutions of ailanthone provided by Prof. De Feo, University of Salerno, Italy.
NMR analyses: 1 In particular, the polycyclic ailanthone structure with fused rings and an olefinic moiety at position 13 was demonstrated by an allylic coupling between protons in positions 18 and 12 (COSY experiments), by the resonance Pedersini et al.
of geminal olefinic protons at δ 5.28-5.38 and of olefinic carbons at δ 121 and 141 (gHSQCAD experiments). The α,β-unsaturated structure was also confirmed by allylic coupling between proton at position 3 (δ 6.18) and methyl protons at position 19 (δ 2.04), and long range 1 H-13 C couplings (gHMBCAD) between the proton at position 3 and the carbonyl moiety at position 2 (δ 192.0). Methylene moieties at positions 6, 15, 17, and 18 were established by gHSQC analysis highlighting the presence of diasterotopic protons in each position. The lactone group was described by 13 C measurement, confirming the typical chemical shift value for this type of carboxyl group (δ 169) at position 16. The methylene group at C-17 shows also long range 1 H-13 C coupling with the quaternary carbon at positions 11 (δ 108) and 8 (δ 44), due to its position in the "out of plane" ring in the molecule structure. This NMR investigation provided, other than identification of ailanthone as the prevalent quassinoid with herbicide activity in A. altissima extracts, additional structural data on ailanthone, thus improving those already available [11] .
Evaluation of herbicide activity:
Herbicide activity of extracts from A. altissima bark was assessed by preemergence tests on Lolium for the crude extracts and by pre-and post-emergence tests on Amaranthus, Chenopodium and Festuca for the purified fractions. Seeds of Lolium, Amaranthus, Chenopodium and Festuca were placed on a Whatman#1 filter paper at the bottom of Petri dishes (6 x 1.5 cm) and wetted with 5 mL of the extract solutions at concentration of 5, 10, 30 and 50 mg/L for the crude extracts DE, DCM and EA and W and of 1, 2, 3, 5 10, 15 and 20 mg/L for the purified fractions DCM-1, DCM-2, EA-1, EA-2, W-1 and W-2. Solutions of the DE, DCM and EA series were prepared in methanol; those of the W series in water. Measurements were made in triplicate. Assessment of pre-emergence herbicide effects of extracts was performed after 10 days in the dark, at 25°C for Lolium, Amaranthus and Festuca and at 27°C for Chenopodium. ID 50 , defined as the lowest extract concentration to halve root growth, was determined ( Table  5 ). Post-emergence activity was assessed by adding 5 mL of solution of purified extracts from A. altissima, at the same concentrations used for the pre-emergence experiments, to previously germinated seeds of Amaranthus, Chenopodium and Festuca. Epicotyle length was measured after 6 days of growth in a climatic chamber.
